We have mapped the 12 CO and line emission in Markarian 86, one of the most metal-J p 1-0 J p 2-1 deficient blue compact dwarf galaxies so far detected in 12 CO. The 12 CO emission is distributed in a horseshoelike structure that follows the locus of the most recent star formation regions. The minimum in molecular line emission corresponds to the position of an older, massive nuclear starburst. The H 2 mass of the galaxy [in the range of M ] and its morphology have been compared with the predictions of hydrodynamic 7 (0.4-5) # 10 , simulations of the evolution of the interstellar medium surrounding a nuclear starburst. These simulations suggest that the physical conditions in the gas swept out by the starburst could have led to the formation of the ring of molecular gas reported here. This result provides an attractive scenario for explaining the propagation (in a galactic scale) of the star formation in dwarf galaxies.
INTRODUCTION
One of the most intriguing questions about the evolution of blue compact dwarf (BCD) galaxies concerns the mechanism(s) responsible for the triggering and propagation of their star formation activity (Noeske et al. 2000; Papaderos et al. 1996) . The majority of BCD galaxies show recent star formation distributed across a large fraction of the optical extent of the galaxy (those BCD galaxies classified as iE by Loose & Thuan 1986) in contrast to the more rare nucleated BCD galaxies (nE type). The formation of density waves, the most commonly suggested propagation mechanism for the star formation in grand-design spiral galaxies (see Englmaier & Shlosman 2000 and references therein) , is inhibited in BCD galaxies because of their very low total mass. Therefore, a different mechanism must be at work in a generalized way in these galaxies.
In the case of the BCD galaxy Markarian 86, Gil de Paz, Zamorano, & Gallego (2000, hereafter GZG00) proposed that the most recent star formation activity in this object was activated by the evolution of a massive nuclear starburst that swept out large amounts of gas at distances to 0.5-1 kpc. This gas, due to its high column density, would have become molecular (see Franco & Cox 1986 ) and would probably have led to the formation of new generations of stars.
In this Letter, we report the discovery of a horseshoe-like structure of molecular gas around the nuclear starburst in Mrk 86. Using hydrodynamic simulations of the evolution of the interstellar medium (ISM) around such a nuclear starburst, we show that the physical conditions in the gas swept out by the 1 starburst can plausibly lead to the formation of such a massive molecular gas ring.
The analysis of the 12 CO line emission in Mrk 86 (Z p Z ; GZG00) not only contributes to an understanding 1/15-1/5 , of the star formation propagation mechanisms in BCD galaxies but can also shed light on the poorly known excitation conditions of the molecular gas and the CO shielding in low-metallicity galaxies (see Walter et al. 2001 and references therein) . In this sense, Mrk 86 is, after I Zw 36 (Young et al. 1995) , the lowest metallicity BCD galaxy detected so far in CO (Sage et al. 1992) and, now, the first to be mapped in that line.
OBSERVATIONS AND RESULTS
We have simultaneously mapped the 12 CO and J p 1-0 emission in Mrk 86 using the IRAM 30 m MRT at J p 2-1 Pico de Veleta (Granada, Spain) from 2001 May 9 to 17. Four different receivers were used, two operating at 1.3 mm and two at 3 mm (V and H polarizations). All the spectra were obtained in wobble-switching mode with an azimuthal amplitude of ‫4ע‬Ј. The pointing accuracy of the telescope (‫2ע‬Љ rms) was checked every hour using nearby quasars. Data calibration and reduction were performed following the standard procedure within the IRAM-GAG software package.
The spatial resolution of these observations is 12Љ and 22Љ for CO 2-1 and 1-0, respectively. A grid of 30 observed points covers a diamond-shaped region fully sampled in the 1-0 transition ( ). The average time spent per point was Dx p Dy p 12 40 minutes (onϩoff). The rms (in T mb scale) of the individual CO (1-0) [CO (2-1)] spectra ranges between 2 and 6 mK (4 and 29 mK) for a final spectral resolution of 5.21 km s (3.26 Ϫ1 km s ).
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In Figure 1a , we show our CO spectra averaged over the 30 positions observed. For the 1-0 and 2-1 transitions, the line centroids are and km s , respectively, Sage et al. (1992) , also using the IRAM 30 m telescope.
CO maps of integrated intensity are presented in Figure 2 . Figure 2a shows the molecular gas emission distributed in a horseshoe-like structure with a diameter of ∼35Љ that corresponds to 1.2 kpc (where we have assumed a distance of 6.9 Mpc; Sharina, Karachentsev, & Tikhonov 1999, hereafter SKT99) . The molecular gas closely follows the distribution of the star-forming regions (traced by Ha; see Fig. 2b ) with a relative minimum at the position of the nuclear starburst (GZG00). This starburst is apparent in the R-band image 7Љ south of the galaxy center.
In Figure 3 , we show the CO (1-0) position-velocity (p-v) diagram along a position angle (P.A.) of 0Њ. The rotation axis of Mrk 86 is oriented at (Gil de Paz, Zamorano, & P.A. ∼ 80Њ Gallego 1999, hereafter GZG99), and therefore, the previous p-v diagram is a good representation of the radial velocity curve of the molecular gas. The CO p-v diagram obtained is similar to that of the ionized gas (for the same P.A.), although the radial velocity gradient for the molecular gas component seems to be slightly lower than that of the ionized gas. The difference observed, however, is not conclusive because of the errors in the measured velocities and, specially, the effect of beam smearing in our CO (1-0) data. We also note in this diagram the presence of CO (1-0) blueshifted and redshifted emission located at offset Ϫ24Љ. These components are the molecular counterparts to the bubble Mrk 86-B lobes detected in the optical. The bubble expansion velocity derived from the molecular gas is km s , which is very similar to that Ϫ1 31 ‫ע‬ 2 obtained from the optical emission lines (34 km s ; GZG99). 
MOLECULAR GAS PHYSICAL PROPERTIES
In order to study the physical conditions in the molecular gas, we have derived the 2-1/1-0 brightness temperature ratio in Mrk 86. The mean values of these ratios are and 1.34 ‫ע‬ 0.46 under uniform-filling and point-source approxi-0.40 ‫ע‬ 0.14 mations, respectively, using only those positions where both transitions are clearly detected. Although the point-source approximation is usually assumed for BCD galaxies (Sage et al. 1992; Meier et al. 2001) , our CO maps suggest that the emission in Mrk 86 arises in an extended structure formed by several (most likely unresolved) clouds. Thus, we have decided to use a more precise approach for deriving the 2-1/1-0 brightness temperature
. The triangles represent P.A. p 0Њ the radial velocities measured using optical emission lines; the open ones are for the galaxy global velocity field (slit 4r in GZG99), and filled ones are for the bubble Mrk 86-B (slit 4b in GZG99). The dashed line is the radial velocity of the stellar disk expected from the galaxy model used in our hydrodynamic simulations, and the solid line is that predicted for the molecular ring. Optical emission-line velocities have been corrected from to P.A. Ӎ 10Њ P.A. p 0Њ assuming a solid-body rotation for the galaxy two-dimensional velocity field (see GZG99). This correction is ≤2% ratio. We deconvolve our CO (1-0) map with a 22Љ Gaussian beam. Then we determine the 1-0 and 2-1 line intensities at each of the positions detected in both transitions, along with the size of the emitting regions (in the deconvolved map) inside the 1-0 and 2-1 beams for each of these positions. The average of the 2-1/1-0 brightness temperature ratios derived at each point yields a 2-1/1-0 brightness temperature ratio of . 1.06 ‫ע‬ 0.40 We have not found any systematic difference between the 2-1/ 1-0 ratio at the position of the nuclear starburst and that at the outermost regions of the galaxy, which indicates that there is no significant change in the excitation conditions. Meier et al. (2001) failed to detect 12 CO (3-2) at the center of Mrk 86 and provided a very low upper limit of 0.45 to the 3-2/1-0 brightness temperature ratio using the 1-0 intensity published by Sage et al. (1992) . However, the value reported by Sage et al. at this position, 1.12 K km s , is a factor of 2 Ϫ1 larger than that measured by us, 0.56 K km s . This difference Ϫ1 could be due to calibration or pointing inaccuracies. Therefore, we have decided to adopt a more conservative upper limit of 0.9 to the 3-2/1-0 ratio.
Under the LTE and optically thick assumptions, we can estimate the excitation temperature ( ) of the molecular gas T ex from the 2-1/1-0 and 3-2/1-0 brightness temperature ratios. In particular, from 2-1/1-0, we infer K and, according T 1 6 ex to the 3-2/1-0 upper limit, K. From the predictions T ! 45 ex of large velocity gradient models and the 2-1/1-0 and 3-2/ 1-0 ratios measured, we have also derived a range of compatible molecular gas densities ( ) and kinetic temperatures n H 2 ( ). A [CO/H 2 ] abundance of ( /10) and a ve- 1.56 # 10 s ) (Hunter et al. 1997) . The average value that we adopt Ϫ1 Ϫ1 for the gas in Mrk 86 is 1/10 the solar value, which yields molecules cm (K km s ) . From this 21 Ϫ2 Ϫ1 Ϫ1
X p 1.6 # 10 CO value and the CO luminosity given above, we derive a molecular gas mass (helium excluded) of M .
Based on recent studies of low-metallicity BCD galaxies we believe, however, that the A96 relation is probably overestimating the molecular gas mass in those low-metallicity BCDs detected in CO and, in particular, the molecular mass given above. Observations of the SMC carried out by Rubio, Lequeux, & Boulanger (1993) 
factor depends on the spatial scale of the CO-emitting region considered: at spatial scales of 10-20 pc, is only slightly X CO higher than , while at larger scales (∼100 pc), its value X MW increases dramatically. This suggests the presence of large amounts of H i or hidden H 2 (not associated with CO) between the dense clumps where the CO emission arises. The lack of detection of diffuse H 2 in I Zw 18 by the Far Ultraviolet Spectroscopic Explorer (Vidal-Madjar et al. 2000 ) and the very low upper limit derived for the [C ii]/CO line ratio in I Zw 36 (Mochizuki & Onaka 2001) suggest that in the case of the lowmetallicity BCDs, most of the H 2 is probably in the form of these dense clumps. In dwarf irregular galaxies like IC 10, the intense [C ii] emission observed has been argued as being due to the presence of large amounts of H 2 with no associated CO emission (Madden et al. 1997) . These results suggest that in lowmetallicity BCDs, most of the H 2 is probably associated with emitting CO and that, therefore, the global -toconver-L M CO H 2 sion factor would be similar to the local value derived from the analysis of the CO line ratios. It is worth noting that large velocity gradient modeling of the few low-metallicity BCDs detected in 12 CO favors local conversion factors lower than the A96 predictions and similar, in some cases, to the Galactic value (Sage L104 MOLECULAR GAS IN MRK 86 Vol. 573 et al. 1992; Barone et al. 2000) . Unfortunately, the lack of observations on optically thin 13 CO and C
18
O lines, which would provide an accurate determination of the physical conditions in the gas, makes it difficult to obtain definitive conclusions in this sense. Finally, it is also worth noting that other authors have proposed a shallower dependence of the -toconversion L M CO H 2 factor on metallicity than that argued by A96. For example, using the relation proposed by Wilson (1995) , we derive a molecular mass of M . The spatial distribution of the recent star formation regions and the age difference between these regions (5-10 Myr old) and the nuclear starburst (∼30 Myr old) suggest that the development of the starburst could have induced the recent star formation activity in Mrk 86 (GZG00). Indeed, the energy injected during the evolution of the nuclear starburst could have resulted in the sweeping out of large amounts of interstellar gas to large galactocentric distances. This gas would have eventually reached gas surface densities high enough to lead to the formation of molecular gas and the subsequent formation of new stars. Our CO (1-0) and (2-1) maps show that the molecular gas in this galaxy is distributed in a horseshoe-like structure around the center of the galaxy, which is in nice agreement with the predictions of this scenario.
In order to check the scenario described above, we have modeled the evolution of the ISM surrounding the nuclear starburst in Mrk 86 and compared the results obtained with the molecular gas content and distribution derived from our CO data. For the calculations, we have used our three-dimensional code based on the thin-layer approximation (Silich & Tenorio-Tagle 1998) that was modified to take into account a fast transition from an energy-dominated phase to a momentum-dominated phase. The comparison of our spherically symmetric test runs with the analytic solution of Koo & McKee (1992) yielded agreement to better than 3%.
We have used a three-component model for the galaxy gravitational field that includes a stellar disk, dark matter (DM), and an homogeneous, spherical central star cluster. The stellar disk gravitational potential was calculated as in Strickland & Stevens (2000) using a Miyamoto & Nagai (1975) model is plotted in Figure 3 along with the radial velocities measured from the ionized gas. The ISM gas distribution was derived using the Silich & Tenorio-Tagle (1998) semianalytical model with a mean interstellar turbulent velocity dispersion of 35 km s derived from our optical data (GZG99).
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This model indicates that the gravitational field of Mrk 86 is dominated by the massive stellar disk component, and this leads to a high concentration of gas toward the galactic plane and a fast, starburst-blown, shell blowout into the intergalactic medium. This results in a fast drop of the inner bubble thermal pressure, growth of the reverse shock radius (which soon reaches a midplane shell position), and a fast transition from the energydominated phase to the momentum-dominated phase. Henceforth, the midplane ring moves outward under the action of the accumulated momentum and the superwind ram pressure (Tenorio-Tagle & Muñoz-Tuñon 1998) . About 15-20 Myr after the starburst ignition, the gas in the ring reaches column densities above the critical value for molecular gas formation [N 1 (Z /Z); Franco & Cox 1986] . At this moment,
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N p 5 # 10 crit , the expansion velocity derived for the ring is close to zero. For a range of parameters (distance, inclination, stellar disk and starburst masses, and gas velocity dispersion; A. Gil de Paz et al. 2002, in preparation) compatible with previous studies of Mrk 86 (SKT99; GZG99; GZG00), our models lead to the formation of a ring with an H 2 mass of about M and a 6 3 # 10 , radius of formation of 0.5-1 kpc. The uncertainty in this mass can be as high as a factor of 5, considering our poor knowledge of some of the galaxy properties required for the galaxy evolution modeling (galaxy distance, stellar disk and starburst masses, interstellar gas metallicity, etc.). This result suggests that if the scenario proposed by GZG00 is correct, either the -to-
conversion factor is smaller than that predicted by the A96 relation (as it has been discussed in § 3) or a significant amount of molecular gas was already present at large galactocentric distances prior to the evolution of the nuclear starburst. A noteworthy result of our hydrodynamical simulations is that the ring should expand with a rotation velocity that would be below the galactic disk rotation velocity. A shift between the ionized and molecular gas rotation velocities could be recognized in Figure 3 . However, as we commented in § 2, the same observed effect could be partially due to beam smearing in our CO (1-0) data. It is also worth mentioning that the difference between the molecular ring circular velocity and the regular galactic rotation predicted by the model can be reduced by taking into account an exchange of mass and momentum between the stellar disk component and the expanding molecular ring (see McKenzie, Westergaard, & Rasmussen 1978) .
Finally, the observation of a molecular horseshoe instead of a complete ring could be the result of an anisotropic evolution of the swept-out interstellar material, due to either the offset of the nuclear starburst relative to the galaxy dynamical center (∼7Љ south; GZG00) or a prior inhomogeneous distribution of the ISM, as suggested by the asymmetry of the 21 cm H i line profile.
Summarizing, we have observed the 12 CO and 2-1 J p 1-0 emission from the low-metallicity BCD galaxy Mrk 86. We have discovered a horseshoe-like structure in CO emission with a total molecular gas mass of M . Both its mass 7 (0.4-5) # 10 , and its morphology are in reasonable agreement with the predictions of hydrodynamical simulations for the evolution of a starburst located close to the galaxy center. These simulations predict the accumulation of ∼ M of molecular gas at 6 3 # 10 , a distance of 0.5-1 kpc during the 20-25 Myr of starburstdriven shell evolution. Our numerical model also predicts a difference between the rotation velocity of the molecular ring and the stellar disk that could be used as an additional observational test for this scenario.
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